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Diffraction line profile analysis of 3D wedge samples of Ti-6Al-4V fabricated
using four different additive manufacturing processes
Abstract
Wedge‐-shaped samples were manufactured by four different Additive Manufacturing (AM) processes,
namely selective laser melting (SLM), electron beam melting (EBM), direct metal deposition (DMD), and
wire and arc additive manufacturing (WAAM), using Ti‐-6Al‐-4V as the feed material. A high‐-resolution
powder diffractometer was used to measure the diffraction patterns of the samples whilst rotated about
two axes to collect detected neutrons from all possible lattice planes. The diffraction pattern of a LaB6
standard powder sample was also measured to characterize the instrumental broadening and peak
shapes necessary for the Diffraction Line Profile Analysis. The line profile analysis was conducted using
the extended Convolution Multiple Whole Profile (eCMWP) procedure. Once analyzed, it was found that
there was significant variation in the dislocation densities between the SLMed and the EBMed samples,
although having a similar manufacturing technique. While the samples fabricated via WAAM and the DMD
processes showed almost similar dislocation densities, they were, however, different in comparison to the
other two AM processes, as expected. The hexagonal (HCP) crystal structure of the predominant α‐-Ti
phase allowed a breakdown of the percentage of the Burgers' vectors possible for this crystal structure.
All four techniques exhibited different combinations of the three possible Burgers' vectors, and these
differences were attributed to the variation in the cooling rates experienced by the parts fabricated using
these AM processes.
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Abstract: Wedge-shaped samples were manufactured by four different Additive Manufacturing
(AM) processes, namely selective laser melting (SLM), electron beam melting (EBM), direct metal
deposition (DMD), and wire and arc additive manufacturing (WAAM), using Ti-6Al-4V as the feed
material. A high-resolution powder diffractometer was used to measure the diffraction patterns of
the samples whilst rotated about two axes to collect detected neutrons from all possible lattice planes.
The diffraction pattern of a LaB6 standard powder sample was also measured to characterize the
instrumental broadening and peak shapes necessary for the Diffraction Line Profile Analysis. The line
profile analysis was conducted using the extended Convolution Multiple Whole Profile (eCMWP)
procedure. Once analyzed, it was found that there was significant variation in the dislocation densities
between the SLMed and the EBMed samples, although having a similar manufacturing technique.
While the samples fabricated via WAAM and the DMD processes showed almost similar dislocation
densities, they were, however, different in comparison to the other two AM processes, as expected.
The hexagonal (HCP) crystal structure of the predominant α-Ti phase allowed a breakdown of the
percentage of the Burgers’ vectors possible for this crystal structure. All four techniques exhibited
different combinations of the three possible Burgers’ vectors, and these differences were attributed to
the variation in the cooling rates experienced by the parts fabricated using these AM processes.
Keywords: Ti-6Al-4V; additive manufacturing; selective laser melting (SLM); electron beam melting
(EBM); direct metal deposition (DMD); wire and arc additive manufacturing (WAAM); diffraction
line profile analysis; extended convolution multiple whole profile (eCMWP)
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1. Introduction
Additive Manufacturing (AM) of metallic materials is receiving increasing attention worldwide [1–3].
There are two main AM approaches, and they are the powder bed approach, and the direct deposition
approach. In the powder bed approach, a layer of powder is swept over a platform and the powder is
melted together using either a laser or an electron beam, known as selective laser melting (SLM) and
electron beam melting (EBM), respectively. The platform is then lowered and a new layer of powder
is swept over. The melting process is then performed again according to the G-code given by the
pre-processing software. This is repeated until the desired part is formed [4,5]. The direct deposition
approach is used to melt either powder blown onto the substrate or wire fed into the melt pool of the
substrate, using a heat source that is usually either a high powered laser or an electric arc, known as
direct metal deposition (DMD) and wire arc additive manufacturing (WAAM), respectively. Tracks
of material are placed side-by-side, layer-upon-layer, until the desired shape is formed. The powder
bed approach easily produces complex shapes, with the aid of support structures, while the direct
deposition approach produces more basic shapes but can produce much larger sized components
because it is not limited by the size of the powder bed chamber [6].
In this study, the titanium alloy Ti-6Al-4V has been investigated, which has been widely used in
aerospace and medical applications. Four leading metallic AM processes, namely SLM, EBM, DMD,
and WAAM, were employed to manufacture wedge-shaped Ti-6Al-4V samples. While all four of
these techniques are relatively mature technologies and have proven capable to build 3D shapes,
the metallurgical character of the deposits, in particular differences between the different technologies,
is not very well known and may play a role in identifying which of the technologies should be
employed for the manufacturing of a particular component. One aspect of the metallurgical character
of the deposits is the dislocation content, which has a significant influence on the mechanical properties
of the deposits, in particular the strength and ductility. This knowledge aids in understanding why the
mechanical properties of these AM processes varies, as that reported by Sames et al. [7] and Frazier [8].
Therefore, diffraction line profile analysis was employed to measure the dislocation contents produced
by these AM technologies.
Diffraction line profile analysis (DLPA) is a diffraction analysis technique where the number
and type of dislocations present in a structure can be determined quantitatively, together with other
microstructural features, such as average sub-grain size, planar fault frequency, and the breakdown
of the Burgers’ vectors of the different dislocations and their relative percentages [9,10]. Moreover,
DLPA is an indirect method used to derive average microstructural characteristics from neutron or
X-ray diffraction patterns. In the case of neutron diffraction, the volume of the diffracting material
is in the range of cubic centimetres, which allows a non-destructive and bulk characterization of the
microstructure of the investigated material. It is most commonly used during plastic deformation,
in parallel with plasticity models to understand the various slip system activities [11,12]. Using neutron
DLPA, it has been shown that the initial dislocation density of as-built stainless steel samples depends
on the type and the parameters of the applied AM process and can be altered by subsequent heat
treatments or plastic deformation [13,14]. Results strongly suggest that the flow strength of the
as-built AM stainless steel is primarily controlled by the dislocation density present in the material,
making DLPA a useful characterization tool for such materials [13]. This type of analysis, which
provides quantitative characteristics on the dislocation structure, deepens the understanding of the
deformation mechanisms operating in metals and their correlation with the mechanical properties
of the bulk polycrystal. This capability can be particularly useful for materials having hexagonal
close-packed (HCP) crystal structures, as that of titanium, which possess anisotropic properties,
and their dislocation structures vary with deformation temperature and grain orientation. The main
source of dislocations in the metal AM structures form during the martensitic phase transformation
occurring due to rapid solidification of the molten metal. As the crystal lattice changes from one crystal
structure to another—in the case of Ti-6Al-4V, from β-Ti (HCP crystal structure) to α0 -Ti (BCC crystal
structure) due to displacive transformation—dislocations are formed at the transformation interface to
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allow for the misfit between the two crystal lattices, HCP and BCC [15]. Ahmed and Rack [16] have
shown that the crystallography of the two types of martensite that forms for Ti-6Al-4V is different and
is dependent on the cooling rate. Therefore, the dislocation content is an indication as to the nature
and extent of the martensitic phase transformation, which is why the diffraction line profile analysis is
vital in understanding the effect of the various AM processes on the microstructure and mechanical
properties of Ti-6Al-4V. Moreover, this type of analysis may elucidate this change in the martensite
formed by the change in the percentage of dislocations formed, as different orientation relationships at
the transforming interface will change the type and number of dislocations formed, as that reported by
Carroll et al. [17].
The primary objective of this study is to measure the different dislocation densities that form
during four prominent metal AM processes, namely SLM, EBM, DMD, and WAAM, when fabricating
Ti-6Al-4V wedge-shaped samples. This titanium alloy has been widely used for both aerospace
and medical applications. Hence, in this study, the samples were irradiated with neutrons and the
diffraction data was collected and analyzed using DLPA technique.
2. Materials and Methods
2.1. Sample Preparation
A wedge-shaped sample, with dimensions shown in Figure 1, was fabricated using each of the
four AM processes, namely SLM, EBM, DMD, and WAAM. The wedge geometry was chosen to
manifest changes in the character of the builds as a function of section size (e.g., thinner sections may
cool faster than the thicker sections), which may influence microstructure formation and hence the
mechanical properties. The processing parameters for the four different techniques were different and
were optimized in a separate study by the various research providers.
An EOSINT M280 machine (Electro Optical Systems EOS GmbH, Krailling, Germany) was used
to fabricate the titanium wedge-shape sample in the horizontal orientation using the SLM process.
Gas atomized Ti-6Al-4V powder with particle size up to 63 µm was used. The process parameters used
were: laser power 280 W, scan speed 1200 mm/s, layer thickness 30 µm, and hatch spacing 140 µm.
An Arcam A1 machine (Arcam AB, Mölndal, Sweden) was used for the EBM process. The titanium
sample was fabricated using Ti-6Al-4V ASTM Grade 23 powder (average particle size of 73.52 µm).
The standard Arcam theme 3.2.121 (Arcam AB, Mölndal, Sweden) was employed, which had an
acceleration voltage of 60 kV, beam current of 1–10 mA, beam spot size of 200 µm, speed factor of 98,
scanning line offset of 0.1 mm, layer thickness of 50 µm, and preheating temperature of 730 ◦ C.
A 5 kW Trumpf-POM machine was used for the DMD process. A 210 mm × 115 mm × 6 mm
titanium base plate in the annealed condition and Ti-6Al-4V powder (average particle size of 60 µm)
supplied by TLS Technik were used for deposition. The powder was delivered to the deposition area.
The fabrication of the wedge-shaped sample was conducted in an argon and helium gas atmosphere
to minimize oxygen contamination. A laser power of 1600 W, laser spot size of about 2.2 mm, laser
head traverse speed of 60 mm/min, and powder feed rate of 4.3 g/min were employed for processing.
A gas tungsten arc welding (WAAM) process was used for fabricating the Ti-6Al-4V sample.
A 250 mm × 100 mm × 12 mm titanium base plate and a 1 mm diameter hard-drawn Ti-6Al-4V
wire were used for deposition. However, the thick track dimensions of the WAAM process made it
impossible to produce the wedge sample to the required dimensional tolerances by using only the
deposition process. Instead, a rectangular block of material of dimensions 25 mm × 55 mm × 12 mm
was deposited and the wedge shape was subsequently produced by wire cutting and machining.
A current of 140 Amps, travel speed of 152 mm/min, arc length of 3.5 mm, and wire feed speed of
1.34 m/min (0.28 kg/h) were used as processing parameters. Welding grade argon (99.995% purity)
was used as shielding gas at a flow rate of 25 L/min.
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Figure 1. Dimensions of the wedge-shaped sample (in mm) used for the diffraction line profile analysis.
Figure 1. Dimensions of the wedge-shaped sample (in mm) used for the diffraction line profile analysis.
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AM Process
<X>A
(nm)
AM Process
<X>
A (nm)
SLM SLM
EBM EBM
DMD DMD
WAAM

WAAM

100 ±
15± 15
100
>500>500
120 ±
20± 20
120
>500

>500

−2

)
−2)
TOTAL
ρρTOTAL
(m(m
14
(24
(24±± 3)
3) ×
× 1014
14
(1.4
(1.4±± 0.5)
0.5) ×
× 1014
14
(4.1
1014
(4.1±± 0.5)
0.5) ×
× 10
14
(4.1
±
0.5)
×
1014
(4.1 ± 0.5) × 10

<a><a>
% %<c+a><c+a>
% %
<c> % <c> %
± 1010 ± 10 ± 10
85 ±8510
5 ± 10 5 ± 10
± 1530 ± 30
70 ±7015
15 ± 150 ± 15 0 ± 15
± 1530 ± 30
60 ±6015
15 ± 15
10 ± 1510 ± 15
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80 ± 10 20 ± 10
0 ± 10 0 ± 10
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attributed to the high heat input of the gas tungsten arc-welding (GTAW) torch used for its fabrication.

Metals 2019, 9, 60

8 of 13

While not measured in this study, if the temperature is below the martensite finish temperature but
still elevated during processing, it is possible that recovery can occur, thus increasing the sub-grain
size [27]. This is further supported by the evidence that the WAAMed sample consisted of long prior
β-Ti grain boundaries, which is possible when the cooling rates are low [28]. Likewise, the EBMed
sample also has a high sub-grain size, which can be attributed to the high bed temperature, and
subsequent slow cooling after deposition, allowing recovery processes to occur (i.e., the temperature
allows the dislocations to annihilate each other). Therefore, the EBMed sample consisted of fewer α0 -Ti
martensitic laths (shown in Figure 3) compared to other samples [29]. On the other hand, the DMDed
and SLMed samples exhibit smaller sub-cell sizes that indicates that the cooling rate during the process
was higher than WAAM process, as well as the recovery rate being significantly reduced. However,
the heat input in the DMD process was considerably higher than the SLM process, which was retained
in the sample longer, resulting in thicker martensitic laths, as observed in the microstructures of these
samples [15].
The EBMed sample has very low dislocation density, which can be the result of the high powder
bed temperature (730 ◦ C) employed during the EBM process. This provides sufficiently large amount
of energy to drive recovery of any dislocations that form due the martensitic transformation [27].
However, the dislocation density in the SLMed sample is ~6× larger than in the WAAMed and
DMDed samples and ~20× larger than the EBMed sample. This large increase in the dislocation
content for the SLMed sample is not evident, given that these samples experience martensitic phase
transformation during rapid cooling irrespective of the AM process used. There are three potential
sources of the formation of dislocations during fabrication of these four samples, as follows; plastic
deformation due to residual stress formation as the sample cools after deposition [30]; the dislocation
formation of the displacive martensitic phase transformation [31]; and the plastic strain that the
existing martensite laths undergo as new martensite laths form during the phase transformation [32].
As reported by Vasinonta et al. [30], the formation of residual stress in the 3D printing of Ti-6Al-4V is
dependent on the process parameters. Therefore, this can be the first potential source of an increase in
the dislocation content in the SLMed sample.
The residual stresses present in the Ti-6Al-4V samples along the central cross-section are shown in
Figure 5. The SLMed sample contained a significant amount of compressive residual stress in the lower
central portion of the wedge sample and tensile residual stress in the top and bottom edges. Such a
steep residual stress gradient can result in the increased formation of dislocations in the sample [33,34].
In contrast, the EBMed sample had a more uniform residual stress state across the cross-section,
ranging between −200 MPa and 200 MPa. The EBMed sample showed a much lower level of residual
stress state compared to the SLMed sample, primarily due to the high powder bed temperature and the
vacuum atmosphere maintained during the fabrication process [29]. The DMDed sample also consisted
of uniform residual stresses, apart from a couple of pockets of compressive residual stresses and tensile
residual stresses closer to the edges of the wedge sample, similar to that reported by Cottam et al. [35].
The WAAMed sample consisted of patches of mild tensile residual stress in the range of 100 to 300 MPa,
dispersed throughout the cross-section of the wedge-shaped specimen owing to the much higher heat
input than the laser-based DMD process [29,36].
The SLMed and WAAMed samples have approximately the same breakdown of dislocation types,
from Table 1. The DMDed sample has a Burgers’ vectors breakdown with more pyramidal, <c+a>, and
prismatic (<c>) dislocations, whereas the EBMed sample consists of higher proportion of pyramidal,
<c+a> type dislocations. Perhaps, this can be due to easier recovery of <a> type dislocations than
the other two types. This is reasonable as the <a> type dislocations make up most of the dislocation
content for Ti-6Al-4V samples fabricated using all four processes. Therefore, the probability that two
<a> dislocations will meet and annihilate is higher than two <c+a> dislocations, resulting in an increase
in the proportion of <c+a> type dislocations with increasing levels of recovery [27].
The crystallography of the strain associated with the martensitic phase transformation is invariant
and as such the level of dislocations it introduces will be relatively consistent for the four 3D printing
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Notations
3D
AM
BCC
EBM
eCMWP
DLPA
DMD
FWHM
HCP
I PM (2θ)
S
Ihkl
D
Ihkl
PD
Ihkl
I NST
Ihkl
IBG
K
SLM
TEM
WAAM
WH
<X>A
ρTotal

Three Dimensional
Additive Manufacturing
Body Centered-Cubic
Electron Beam Melting
extended Convolution Multiple Whole Profile
Diffraction Line Profile Analysis
Direct Metal Deposition
Full Width at Half Maximum
Hexagonal Close-Packed
Convolution of diffraction peaks at 2θ diffraction angle
Dislocation cell/sub-grain size distribution at [hkl] crystal plane
Contribution of the dislocations at [hkl] crystal plane
Contribution of the planar defects at [hkl] crystal plane
Instrumental peak broadening and shape at [hkl] crystal plane
Background of the diffraction pattern
Reciprocal of the lattice spacing
Selective Laser Melting
Transmission Electron Microscope
Wire Arc Additive Manufacturing
Williamson-Hall
Area weighted average sub-grain size
Total dislocation density
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